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To be successful, the next 
generation of portable prod- l 
ucts, such as personat com- 
municators and digiral assis- 
tants, will have to provide at 
least 12 hours of operation 
between battery ciitiges. 
Most of the progress toward 
this 12-hour goal must come 
from RF, computer, and bat- 
tery technoiogy because 

power-supply performance is approaching a limit. Typical 
conversion efficiencies already exceed 95%. Still, the power 
supply must squeeze the battery for all it's worth. A key ele- 
ment in this task, especially at the low output voltages that 
future microprocessor and memory chips will need, is the 
synchronous tectjfier. 

A synchronous rectiiier is an electronic switch that 
improves power-conversion efficiency by placing a low-resis- 
tance conduction path across the diode rectifier in a switch- 
mode regulator. MOSFETs usually serve this purpose, but 
lapolitt transistors and other eemiconctuctor switches are also 
suitaMe, 

The torward-voltage drop across a switch-mode rectifier is 
in series with the output voltage, so losses in this rectifier 
almost entirely determine efficiency. As supply voltages 
ratchet downward, the design of rectifiers requires more 
attention because the devices' forward-voltage drop consti- 
tutes an Increasing fraction of the output voltage. The race 
to new voltage levels proceeds in jumps, as each major (jlP 
manufacturer brings successive fabrication processes on line. 
Currently, rum<5is for S£jan-to4?»-D^ased >tPs ImEcate a V^,, 
ofl.lV, 

If you think low-voltage supplies are still a long way off, 
consider that ' lie Joint Electronic Device Engineering Coun- 
cil (lEDEC) has drafted an interface standard for 2.5V low- 
voltage supplies. Beyond that, a standard is needed for the 
1.5V supply used to terminate high-speed data buses, such 
as the 66-iMHz Guniwng Transceivei Logic bus. The bus, 
wtiicii M Guanini it Xmm iavented. comiHism illA fi* 



onous rectifiers can improve swit 
power-supply efficiency, particularly in low- 
voltage, low-power applications. This article 
compares synchronous rectifiers to Schottky- 
diode types and illustrates some circuit tricks 
useful in their application. 



more open-drain transistor 
drivers, each with a 50fl 
resistive puUup to the 1.5V 
source. Other low-voltage 
databuses include Rambus, 
Futurebus, HSTL, and CTT. 
So, a low-vDltage-supply bus 
is probably soon comirif 
your way. 

Even at 3.3V, rectifier loss 
is significant. For step-down 
regulators with a 3.3V output and 12V battery input, the 
0.4V forward voltage of a Schottky diode represents a typical 
efficiency penalty of about 12%, aside from other loss mech- 
anisms. The losses are not as bad at lower input voltages 
because the rectifier has a lower duty cycle and, thus, a short- 
er conduction time. However, the Schottky rectffiet's fot- 
ward drop is usually the dominant loss mechajiism. 

Fig 1 shows the efficiency gain using a synchronous recti- 
fier. For an input voltage of 7.2V and output of 3.3V, a syn- 
chronous rectifier improves on the Schottky diode rectifier's 
efficiency by around 4%. Fig 1 also shows that, as oixtput 
voltage decreases, the synch rgrtfwjg leeCifitt po^fctes ewn 
larger gains in efficiency. 

Diode vs synchronous rectifiers 

In the absence of a parallel synchronous rectifier, the drop 
across the rectifier diode in a switching regulator (Fig 2a) 
causes an efficiency loss that worsens as the output voltage 
falls. The Schottky diode in Fig 2a's simple buck converter 
clamps the switching node, the inductor's swinging termi- 
nal, as the inductaf dischar^s. 

In the synchronous-rectifier version of Fig 2b, a large N« 
channel MOSFET switch replaces the diode and forms a half- 
bridge configuration that clamps the switching node to 
-0.1 V or less. The diode in Fig 2a clamps this node to -0.35V, 
Intuitively, losses in either type of rectifier incPCase with 
reduced output voltage. At ^^^=2^/^^^., the rectifier Voltage 
drop is in series with, the load voltage for about half the 
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the rectifier becomes a greater fraction 
of the load power. 

The basic trade-off between using 
diode or MOSFET rectifiers is whether 
the power needed to drive the MOSFET 
gate cancels the efficiency gained from 
a reduced forward-voltage drop. The 
synchronous rectifier's efficiency gain 
depends strongly on load current, bat- 
tery voltage, output voltage, switching 
frequency, and other application para- 
ni«tm (see the tables in Fig 2). Higher 
battery voltage and lighter load current 
enhance the value of a synchronous 
rectifier. The duty factor, which equals 
1-D, where D equals tjii^^+tj, for the 
main swltcti. Increases vrt*h btttery 
voltage. Also, the forward drop decreas- 
es with load current. 

The gate-drive signal is a key factor in 
calculating a synchronous rectifier's 
{^ciency galtt. Fbr example, you can 
reduce gate loss by using a gate drive of 
5V (as for logic-level MOSFETs) instead 
of the input (battery) voltage. You can 
simply supply the gate drive from a 5V 
linear regiriator powered from the bat- 
tery. Better yet, you can bootstrap the 
gate driver's power-supply rails from 
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Figure 1 
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Data based on a high-performance buck switch-mode regulator and gMnmrcif lirem 
a standard 7.2V notebooit-computer battery shows that the synduwioiis reCttfter 
has littie effect HI ttlkimmi^wi^M, bMt 4^«»j^ptftcMA Impraranieiits tA 3.3V 
and beiow. 



Figure 2 
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NOTES: 

1 . ALL TABULATED DATA PERTAIN Tt3 S 8 T93L|V aa«Vg(*8©W, 
DELIVERING 3A (PouT=9-9W). 

2. Cx IS THE PARASITIC CAPACITANCE AT TW^ SWITsaHJNG KOOE. 

3. ( IS THE SWITCHING FREQUENCY. 

4. Qa tS THE MCaSFETS QATE CHARGE. 



Table 2a^Lo5S mcMAfi^SMS for the 1N5820 DtooE 



Mechanism 


Expression 


I>issipation 


Co»)durtiDn loss 


(1-duty cycle) 




Switching loss 


C V 


5 mW 


Gate-drive lo^s 


(none) 


mW 


Total loss 


Conduction+Switching 


464 mW 


Idealized efficiency 


(Po.t/(Po.t+Pu3ss))X100 


95.5% 


Table 2b— Loss mechanishiis mst ms 
SI9410DY MOSFET 




Mechanism 


Expression 


Disslpatton 


Conduction tess 


LOAD "ds(ON) 

(1 -duty (^id^ 


1 53 mW 


Switching loss 




10 mW 


Gate-drive loss 




15 mW 




Conduction+Switch- 
ing+ Drive 


i7amw 




P^)x100 





i 
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A ^nchroiroiK rector simply replaces the Schottky diode in (a) with a low R^^ MOSFET (b). Thb Uftm raststance cendiK- 
f$m fwA tnfpi«ve» ^tkHmey for a 5 to ^W, m-mm^mim mmA 1 
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the regulator's output voltage. (This 
approach adds complexity in the form 
of a bypass switch for the initial pow^- 
up.) Also, you must weigh the lower Joss 
associated with reduced gate voltage 
against the higher Rps,o^,, resulting from 
a less-enhanced MOSFET. 

When comparing diode and syn- 
chronous rectifiers, note that the syn- 
chronous rectifier MOSFET doesn't 
always replace the usual Schottky 
diode. To prevent switching overlap of 
the high-side and low-side MOSFETs 
that might cause destructive cross- 
conduction currents, most switching 
regulators include a dead-time delay. 
The synchronous rectifier MOSFET 
contains an integral, parasitic body 
diode that can act as a clamp and 
catches the negative inductor voltage 
swing during this dead time. However, 
this body diode is lossy, is slow to turn 
off, and can cause » i tn Z% gfficienqf 
drop. 

Therefore, designers interested in 
squeezing the last percent of efficiency 
out of their power supply place a Schot- 
tky diode in parallel with the synchro- 
nous rectifier MOSFET. This diode con- 
ducts only during the dead time. A 
Schottky diode in parallel with the sili- 
con body diod€ turns on at a lower volt- 
age, ensuring that the body diode never 
conducts. A Schottky diode used in this 
way can usually be smaller and cheap- 
er than the type the simple buck circuit 
nequliesttecause the average diode cur- 
le-nt b low. (Schottky diodes generally 
have peak current ratings much greater than their dc current 
ratings.) Note: Conduction losses during the dead time can 
become significant at high switching frequencies. For exam- 
p!e, in a 300-kHz cflnverter with a 100-nsec dead time, the 
sxtxa power dissipated is equal to l.^^^i^x V^^^xtdxf^e mW 
(where f is the switching frequency and td is the dead time) 
for a 2.5 V, IW supply, whJfift lEpre^ts an effidency less Of 
about 0.5%. 

Light-load efficiency is a key parameter for mobile appli- 
cations in which the computer ipaids a long time in a near- 
dormant suspend mode. For the buck-type switch-mode reg- 
ulators often used in portable equipment, the synchronous 
rectifier's control circuit has a strong influence on light-load 

If you use the complementary gate drive approach and the 
output is lightly loaded, the inductor current reverses during 
the synchronous rectifier's on time, and the next half cycle 
begins with current flowing backward through the high-side 
MOSFET (MOSFETs are bidirectional). During the switching 
dead tim% cinrrenl ^ow$ through the parasitic bofiy diode. 



PROS: LOW NOISE, FIXED-FREQUENCY 
SUPPRESSES RINGING, SIMPLE 
CIRCUITRY 

CONS: HIGH SUPPLY CURRENT 
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PROS: LOW SUPPLY 
CURRENT, HIGH EFFlCfENCY 
AT LIGHT LOADS 

CONS: NOISIER: SKIPS 
CYCLES AT LIGHT LOADS, 
TANK CIRCUIT RINQiNQ, 
MORE COMPLEX 
CIRCUITRY 



COMPARATOR SENSES 
REVERSE aiPHENTANO 
TURNS OFF SYNCHRONOUS 
SWITCH 
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Allowing the inductor current to reverse provides the low-noise characteristics 
important to wireless computers with RF data links, but degrades the light-load 
efficiency (a). Turning off the synchronous switch at light Joads results in a ring- 
ing waveform sfnrflar to that of a diode rectifier (b). 
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efficiency and noise performance. The key issue for light-load 
or no-toad conditions Is timing of the MOSFET's turn-off sig- 
nal. 

When load current is light, the inductor current dis- 
charges to zero, becoming discontinuous or reversing direc- 
tion. You have at least three options in dealing with this 
problem. You can continue to hold the synchronous switch 
on until the beginning of the next cycle, allowing the 
inductor to reverse. You can completely disable the syn- 
chronous rectifier at light loads. Or, you can sense the 
Inductor current's zero crossing and shut off the synchro- 
nous rectifier on a cycle-by-cycle basis. Each approach 
Involves trade-offs. 

In the past, the option that designers widely used was 
hoiding the inductor switch on until the beginning of the 
n^xt cycle (Fig 3a), which requires driving the MOSFET gates 
with complementary waveforms. This approach produces 
lower noise and allows a simple control scheme: The gate- 
drive signal is simply an inverted, opposite-phase version of 
the delve signal for the high-side switch. Noise is lower for 
two reasons, both of which relate to the continuous induc- 
tor current. First, the absence of pulse skipping ensures a con- 
stant switching frequency, regardless of loM- A comfiiiit, 
fundamental switching frequency 
ensures that output tipple and EMI at 
th.e harmonic frequencies won't cause 
havoc in the IF bands of an audio or 
radio system. Second, this approach 
eliminates the dead time during 
which a resonant-tank circuit com- 
prising the inductor and stray capaci- 
tance at the switching node can intro- 
duce ringing. 

The drawback of letting the induc- 
CMrienl: reverse is that the syn- 
chronous rectifier pulls current from 
the output. The circuit replaces this 
lost output energy during the next 
half cycle. However, at the beginning 
■of the cycle when the high-side switch 
turns on, the circuit transfers the 
inductor energy stored during the ear- 
lier current reversal to the input- 
bypass capacitor. 

Thi5 action resembles perpetual 
motion, in which energy shuttles 
between the input and output capaci- 
tors. Unfortunately, friction spoils all 
perpetual-motion schemes. In this 
case, the friction cnnsists of switching 
and PR losses. As energy shuttles back 
and forth, the circuit dissipates power 
in all its tiny parasitic resistances and 
switching inefficiencies. Thus, addi- 
tional energy is necessary to maintain 
the shuttling action. The most obvi- 
ous consequence is a high no-load sup- 



ply current of typically 5 mA for the 2.5V, IW circuit. 

The second option, turning off the synchronous rectifier 
entirely at light loads, offers simplicity and low quiescent 
supply current. You usually implement this method in con- 
junction with a pute*-skl|5piflg operation, governed by a 
light-load, pulse-frequency-modulation control scheme. 
Whenever the circuit goes into its light-load pulse-skipping 
mode, the circuit disables the synchronous rectifier that lets 
an accompanying parallel Schottky diode do all the work. 
Disabling the synchronous rectifier prevents the rrv«}idl of 
inductor Current, and the problem of shuttllfig energf back 
and forth does not arise. 

The final option, sensing the inductor current's zero cross- 
ing and quickly latching the synchronous rectifier off, turns 
off the synchronous rectifier on a cyGfe-by<ycle basis 
(Fig 3b). This method provides the highest light-load effi- 
ciency because the synchronous rectifier does its job without 
allowing the inductor current to reverse. But, to be effective, 
the switching-regulator IC's current-sense amplifier that 
monitors the inductor affilM« »i« mnikMt hlgis ^reed 
with low power consumption. 

A logic-control input can shift the synchroncHJs-irctifiei 
©petition from the complementary-drive option to the off- 
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This N-channel buck regulator has a low-noise logic-control input that adjusts tbe 
synchronous rectifier's timing on the fly. This capability lets the system for^a fix«d.' 
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at-zero option (Fig 5). When low, SKIP 
allows normal operation: The circuit 
employs pulse-width modulation for 
heavy loads and automatically switch- 
es to a low-quiescent-carrent pulse- 
skipping mode for light loads. When 
high, SKIP forces the IC to a low-noise 
fixed-frequency PWM mode regardless 
of the l oad. Also, applying a high level 
to SKIP disables the IC's zero-crossing 
detector, allowing the inductor current 
to reverse direction, which suppresses 
tlie parasitic resonant LC tank circuit. 

Such control comes in handy for 
computers with built-in radios. When 
the radio is not in use and the host sys- 
tem goes from run mode to suspend 
mode, the power supply automatically 
assumes its light-load pulse-skipping 
mode to save power. If the RP trans- 
ceiver is turned on, a logic signal forces 
the supply to a low-noise mode that 
maintains quiet opemtion, Fegardless of 
output load. 

Another issue related to a synchro- 
nous rectifier's gate-drive timing is the 
cross-regulation of multiple outputs 
that you can obtain using flyback wind- 
ings. Many designers know that placing 
an extra winding or a coupled inductor 
on a buck regulator's inductor core can 
provide an auxiliary output voltage for 
the cost of a diode, a capacitor, and a 
few pwnies' worth of wire (Fig 6), However, fewer designers 
know thtt a synchronous rectifier can help to regulate this 
output. 

Normally, the coupled-inductor flyback trick in Fig 6 
stores energy in the core when the high-side switch is on, and 
discharges some of it through the secondary winding to an 
auxiliary 15V output when the synchronous rectifier's low- 
side switch is on. During discharge, the voltage across the pri- 
mary is equal to V^^j i+Vj^,, where V^^^^ is the main output, 
and Vj,^,- is the synchronous rectifier's saturation voltage. 
Therefore, the secondary output voltage equals the primary 
output times the turns ratio. 

Unfortunately, if the synchronous rectifier turns off at zero 
current and the primary load is light or nonexistent, the 15V 
output sags to ground because the core stores no energy at this 
time. If the synchronous rectifier remains on, the prirnary 
current can reverse and !et the transformer operate in the for- 
ward mode, providing a theoretically infinite output-current 
capability that prevents the 15V output from sagging. Unfor- 
tunately, quiescent supply current suffers tremendously. 

However, the circuit in Fig 6 achieves excellent cross-reg- 
ulation with no penalty in quiescent supply current. A sec- 
ond, extra feedback loop senses the 15V output. If this out- 
put is in regulation, the synchronous rectifier turns off at 
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A feedback input for the secondary winding (SECFB) greatly improves tlie cross- 
regulation for multiple outputs ueder rondltlons of light primary laaiing or low 
I/O differential voltage. 

zero current as usual. If the output drops below 13 V, the syn- 
chronous rectifier remains on for an extra microsecond after 
the primary current reaches zero. Thus, the 15V output can 
deliver hundreds of milliamps even with no load on the 
main 5V output. This scheme also provides a better 15V-load' 
capability at low values of V,jj--V^_|y^,, which becomes impor- 
tant as the battery voltage declines with discharge. 

Secondary-side synchronous rectifiers 

Multiple synchronous rectifiers on the secondary wind- 
ings can replace the usual high-voltage rectifier diodes in 
multiple-output nonisolated applications (Tig 7). This sub- 
stitution can dramatically improve load regulation on the 
auxiliary outputs and often eliminates the need for linear 
regulators, which you would otherwise add to increase the 
output accuracy. You must select a MOSFET with a break- 
down rating high enough to withstand the flyback voltage, 
which can be much higher than the battery voltage. Tying 
the gates of the secondary-side MOSFETs directly to the gate 
of the main synchronous MOSFET (the DL teimiiial) pro- 
vides the necessary gate drive. 

Another neat trick enables a synchronous rectifier to pro- 
vide gate drive for the high-side switching MOSFET. Tapping 
the external switching node to generate a gate-drive signal 
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Figure 7 
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higher than the battery voltage enables 
the use of N-channel MOSFETs for both 
switches In a synchronous-rectifier 
buck converter. Compared to P-channel 
types, N-channel MOSFETs have many 
advantages, because their superior carri- 
er mobility confers a near 2: 1 improve- 
ment In gat€ capacitance and on-resis- 
tance. 

A flying-capacitor boost circuit pro- 
vides the high-side gate drive (Fig 8), 
The flying capacitor is in parallel with 
the hi^-side MOSFET's gate-source te*- 
minals. The circuit alternatively charges 
this capacitor from an external 5V sup- 
ply through the diode and places the 
capacitor in parallel with the high-side 
MOSFET's gate-source terminals. The 
charged capacitor then acts as supply 
voltage for the internal gate-drive 
inverter, wt iich is comparable to several 
74HC04 sections in parallel. Biased by 
the switching node, the inverter's nega- 
tive rail rides on the power-switctvti^ 
waveform at the LX terminal. 

The syiKhronous rectifier is indis- 
pensable to Fig 8's gate-drive boost sup- 
ply. Without this low-side switch, you 
can't guarantee the circuit will start at 
initial power-up. When power is first 
applied, tiie low-side MOSFET forces 
the switching node to OV and charges 
the boost capacitor to 5V. On the second half-cy^le, the gate 
driver's DII output switches high, connecting the boost 
capacitor in ross the MOSFET's gate-source dielectric. Pump- 
ing the 5V gate-drive signal above the battery voltage pro- 
vides the enhancement voltage necessary to turn on the 
high-side switch. 

So far we have concentrated on synchronous rectifiers for 
the buck topology. However, you can also incorporate syn- 
chronous re:. I ifiers in the boost and inverting topologies. The 
boost regulator in Fig 9 employs an internal pnp synchro- 
nous rectifier in th« active rectifier block. Boost topologies 
require the rectifier in series with Vyu.j., so the IC connects 
the pnp collector to the output and the emitter to the switch- 
ing node. The rectifier control block's fast comparator detects 
whether the rectifier is forward or reverse-biased and drives 
the pip transisWr on or off, accordingly. When the transis- 
tor is on, an adaptive base-current control circuit keeps the 
transistor on the edge of saturation. This condition mini- 
mizes the efficiency loss due to base current, and maintains 
high switching speed by minimizing the delay due to stored 
base etiifge. 

An interesting side benefit of the pnp synchronous recti- 
fier is its ability to provide both step-up and -down action. 
For ordinary boost regulators, the input-voltage range is lim- 
ited by an input-to-output path through the inductor and 
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Coupled-inductor secondary outputs can benefit from synchronous rectification. 
To accommodate negative auxiliary outputs, simply swap the secondary-side MOS- 
FET's drain and source terminals. (For clarity, this simplified schematic omits most 
of the mdlary cons^n^its needed to make the swItcMng regulator worit.) 
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Driven by the switching node (the left end of the inductor) 
the capacitor l>etween BST and LX provides an elevated sup- 
ply rail for the upper gate-drive inverter of a«proxlmat»y 
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diode. (This unwanted patli is inherent 
in the simple boost topology.) Thus, if 
V,j^ exceeds V^,jj.,,, the conduction path 
through the rectifier can drag the out- 
put upward, possibly damaging the 
load with overvoltage. 

The pnp-rectifier circuit in Fig 9 
operates in switch-mode, even when 
Vjj^ exceeds V^^, with the active recti- 
fier acting as the switch. This action is 
more akin to a regulating charge pump 
than to a buck regulator because the 
buck mode of operation requires a sec- 
ond switch on the high side. The effi- 
ciency of Fig 9's circuit approximates 
that of a linear regulator: The efficien- 
cy is reasonably good over the voltage 
range of the four-cBll battery (up to 
6.2V). 

Inverting-topology regulators that 
generate negative voltages, sometimes 
called buck-boost regulators, are useful 
^piications fer syncbronflus P^ctifica- 
tion. Like the boost topology, the 
inverting topology connects the syn- 
chronous rectifier in series with the 
output rather than to ground (Fig 10). 
la this example, the synchronous 
swltcil is an N-channel MOSFET with 
its source tied to the negative output 
and its drain tied to the switching node. 

The circuit tricks the resulting 300- 
kHz buck regulator into performing as 
an inverting-t<j{}QiQgy switcher by con- 
necting the IC's GND pin to the nega- 
tive output voltage instead of circuit 
ground. This switching regulator's effi- 
ciency of about 8g% exceeds that of 
comparable n0£By!nchB50O|l#-rectifier 
supplies by 4%. 
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The internal synchronous rectifier in this boost regulator, the active rediftev, 
replaces the Schottky rectifier often used at that location. 




The inveHlmr t^pMilog^ rdcfulres 
output. 
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